Abstract. Streak defects are often present on anodized extrusions of 6xxx series aluminum alloys, increasing the fabrication cost of these products. Moreover, streaking often only becomes visible after etching and anodizing treatments, rather than in the as-extruded condition, making it difficult to identify the original causes and influencing factors of these defects. In this paper, various process variables that influence the formation of streak defects on anodized aluminium extrusions are reviewed on the basis of a literature review, industrial practice and experimental results. The influencing factors involved in various processing steps such as billet quality, extrusion process, die design and etching process are considered. Effective measures for preventing the formation of streak defects in industrial extrusion products are discussed.
Introduction
Variation in surface gloss as well as surface defects such as streaking is often present on anodized extrusions of 6xxx series aluminum alloys, increasing the fabrication cost of these products. Surface gloss is considered to be the amount of incident light that is reflected at the specular reflectance angle of that surface, and streaking is typically characterised by narrow bands with a different surface gloss than the surrounding material [1] [2] [3] [4] [5] . The origin of streaking is a difference in intensity and diffuse nature of the reflected light. Hence, the formation of streak defects is dependent on surface topography of the final anodized products [2] [3] [4] .
During anodising of an extrusion, an oxide layer is formed on top of the metal surface. Previous research indicates that the gloss after anodising correlates strongly with the metal surface roughness and to a lesser degree with the oxide surface roughness [2, 6] . The reason is that aluminum oxide is transparent and the metal/oxide interface is therefore the prevailing reflecting surface whose surface characteristics have a greater effect on the gloss of the anodized part [2, 6] . Hence, any surface imperfections in the metal/oxide interface will increase the diffuse part of the reflected light and any inhomogeneous distribution of these surface imperfections results in the occurrence of streak defects [2] .
Surface imperfections are created on the extrusion surfaces during etching [2, 3] . It has been found that the most common surface imperfections are etching pits, grain boundary grooves and grain etching steps [2, 3] . Extrusion surface defects such as die lines may also remain on the etched surface under certain conditions, forming surfacedefect-remains [2] . Etching pits are created on the extrusion surface during etching due to different reaction rates between intermetallic particles or inclusions and the aluminium matrix. In 6xxx series alloys, the major intermetallic phases are primary Fe-rich intermetallic particles and Mg 2 Si precipitates. During etching, the detachment of the Fe-rich intermetallic particles from the Al matrix results in the formation of large etching pits with size up to 10 µm on the etched surface [2, 4] . Also, the detachments of inclusions or contaminants produce very large etching pits with irregular shape corresponding to the size and shape of the inclusions or contaminants. Moreover, the preferential dissolution of Mg 2 Si precipitates leads to the formation of small etching pits with size directly related to the original size of the precipitates [7] . Grain boundary grooves are formed due to preferred grain boundary attack during etching. The severity of grain boundary grooves depends on whether grain boundaries are attacked in preference to the matrix and on the kinetics of the attack [2] . Grain etching steps are created on the surface of polycrystalline materials due to pronounced chemical attack of particular crystal planes [2, 3] . After etching, the surfaces of pronouncedly at- % Fe, and SEM morphology of anodized low-iron extrusion in (c) web intersection region and (d) normal region, and high-iron extrusion in (e) web intersection region and (f) normal region [10] . Arrows indicate grain boundary grooves.
tacked planes are lower than for other planes, forming grain etching steps [2, 3] . Surface-defect-remains may be present on the etched surface due to insufficient etching or serious extrusion surface defects etc. [2, 8] .
Overall, surface imperfections are created on the extrusion surface due to uneven chemical attack on the surface microstructure during etching. Consequently, the intensity of streak defects depends on the surface microstructure as well as its degree of homogeneity, which are influenced by various factors involved in the different processing steps of the anodized extrusions [8] . In this paper, the influence of various process variables involved in billet quality, extrusion process, die design and etching process on the formation of streak defects are reviewed. Moreover, the preventive measures corresponding to different influencing factors are discussed for industrial extrusion products as well.
Effect of Billet Quality on the Formation of Streak Defects

Billet Composition
Certain elements such as Fe, Mg and Si in the billet alloys can influence the amount, distribution and morphology of Mg 2 Si and Fe-rich intermetallic particles in the final extrusion, and hence influence the formation of streak defects. In order to investigate the effect of Fe content as well as the primary intermetallic particles on the formation of streak defects, different amounts of iron were added to the billet alloy to obtain iron contents of 0.17 wt.% and 0.29 wt.% in the billets of low-iron and high-iron extrusions, respectively [9, 10] . Figure 1 presents the surface appearance and morphology of the anodized samples. The anodized surface of the low-iron extrusion has a bright streak defect as shown in Figure 1 (a), whereas that of the high-iron extrusion ex-hibits relatively uniform colour (Figure 1 (b) ). The grain boundary grooves in the low-iron extrusion are deeper and wider in the normal region (Figure 1 (d) ) than in the web intersection region (Figure 1 (c) ). In contrast, there is no significant difference in the two regions of the high-iron extrusion (Figure 1 (e) and 1 (f)). Hence, lower severity of grain boundary grooves in the web intersection of the lowiron extrusion is responsible for the bright streak defect. The difference in severity of grain boundary grooves in the low-iron extrusion is due to the difference in surface microstructure caused by non-uniform metal flow during extrusion. An optimum alloy composition with balancing the surface appearance and other properties are effective ways for reducing the intensity of this streak defect.
Billet Microstructure
Billet microstructure defects such as surface segregation and surface chill zones can influence the occurrence and intensity of billet streaks on anodized aluminum extrusions. During extrusion, the difference in microstructure between the surface and the bulk of billets with these defects results in the formation of inhomogeneous surface microstructure on the extrudate. After etching, a heterogeneous distribution of surface imperfections is produced on the etched extrusions due to uneven response of the inhomogeneous surface microstructure, leading to the formation of streak defects on the final anodized products. Hence, the intensities of these streaks are influenced by the degree of segregation and the depth of the chill zone. Usually, the chill zone extends much deeper into the billet than the surface segregation zone. The segregation streak defect can be prevented by using good quality billet, while the chill zone streak cannot be avoided completely, but the intensity can be reduced by controlling the DC casting process to minimize chill zone depth [11] .
Billet Contaminants
Billet contaminations such as billet skin, oxidized metal, other inclusions and foreign materials, e.g. lubricant and carbon from run-out table, are important factors that influence the formation of contamination-type billet streaks and some extrusion process streaks due to inherent process imperfections which are discussed in the next Section. These contaminations can be entrapped in the material during the extrusion process due to non-uniform metal flow. Figure 2 presents a schematic diagram showing the mechanisms of billet skin entrapment during the extrusion process. When a hot billet is forced to flow by compression through the die orifices, friction occurs between the metal and the die. As a result, the surface skin of the billet material and other contaminations on it are moving backwards and the main part of the billet is pressed forward through the die under normal friction and temperature conditions. Hence, the )). Also, the flow of billet skin and other contaminations can be entrapped into the section via the front end ( Figure 2 (b) ). Since the billet skin is enriched in Mg 2 Si, Fe-rich intermetallic particles and other contaminations, a high density of etching pits is formed in the location containing large amounts of billet skin due to direct dissolution of the Mg 2 Si precipitates and detachment of the Fe-rich particles and other contaminations during etching. Effective measures for preventing contamination-type billet streaks involve avoiding the entrapment of billet skin and other contaminations. Some measures are to: check die design to ensure die cavity at least 20 mm away from container wall; check container alignment and liner condition (no excessive wear); clean container regularly to prevent build-up of aluminum oxides; increase butt length; avoid using excessive lubrication on billet or dummy block; replace graphite lubricants with boron nitride; not use any carbon blocks on run-out table, but Kevlar rollers instead; prevent build-up of grease on the shear blade etc.
Effect of Extrusion Process on the Formation of Streak Defects
Process Imperfections
The inherent process imperfections of the extrusion process can result in the formation of extrusion process streaks such as "longitudinal" or "transverse" weld and mixing of different alloys [8, 12] . For example, during extrusion using more than one billet, it is common practice to extrude billet on billet using a welding chamber or feeder ring to hold the back of the previous billet in the die and provide a surface for the next billet to weld on to. The end of the previous billet may contain billet skin and other contaminations on it, resulting in streaks. Figure 3 shows the streak defects formed at longitudinal extrusion welds. During extrusion of a hol- low profile, the metal flowing through the die has to split up around the webs of the die and then rejoins, resulting in the formation of longitudinal extrusion welds in the profile. The weld line has a different microstructure with the matrix, resulting in the occurrence of streak defects. In addition, some hollow dies have a big pre-chamber. When changing from one alloy to another, the weld area may have a mixture of two different alloys, forming different microstructure, and hence resulting in streaks. Some "longitudinal" or "transverse" weld streaks are difficult to eliminate completely, but their intensity can be reduced by optimising die design, which is discussed in Section 4. Also, as described above, "longitudinal" or "transverse" weld streaks are formed due to the entrapment of the billet skin and other contaminations, so the preventive measures described for the contamination-type billet streaks are also applied to reduce the intensity of these streaks. For preventing the formation of streaks due to mixing of different alloys, the measures include cleaning container adequately before alloy change; not using pre-filled dies for anodised profiles if billet from different suppliers are used; not mixing billets from different suppliers even if they are of similar alloy type (e.g. 6063); rationalising alloy selection.
Process Parameters
Extrusion process parameters are important factors to influence the metal flow through the die. Non-uniform metal flow can result in a heterogeneous deformation within the extrusion. Moreover, the inhomogeneous deformation can lead to an inhomogeneous distribution of microstructure within the extrudate, and hence the formation of streak defects after etching [2] . The most important process parameters that influence metal flow, deformation and microstructure during the extrusion process are temperature and extrusion speed [2] .
The temperature achieved in the extrusion as it exits the die is a result of the starting billet temperature i.e. preheating temperature plus the net temperature rise. During extrusion, most of the work of deformation is transformed into heat, causing a net temperature rise, which can be several hundred degrees [13] . If the temperature is increased, the flow stress is reduced and the deformation is therefore easier. Localization of deformation can lead to localized heat generation as well as a locally high temperature, especially when conduction of heat from the deformation zone is poor [13] . The locally high temperature can further accelerate the local deformation, resulting in different grain size, texture development and precipitation behavior of intermetallic particles in the deformation zone compared to its surroundings. Hence, streak defects can be formed in this location after etching.
The effects of preheating temperatures of billet and container on the formation of streak defects are complicated because they have an effect on the whole surface of the extrusion. Different preheating temperatures may affect the degree of temperature rise and have an effect on the brightness level of streaks. However, if the billet temperature is much lower than the container temperature, the flow pattern of the billet skin can be changed and the billet surface material is entrapped into the section through the die, resulting in the formation of streak defects [4] . On the contrary, if the billet temperature is much higher than the container temperature, the temperature is much higher in the centreline than the surface of the billet, leading to faster flow of the centerline material and forming streak defects [14] . It has been suggested that the container should be at least 10 ı C less than the minimum billet temperature to prevent the occurrence of streak defects [15] .
The higher the ram speed, the less time available for heat conduction, and there will therefore be more localized heat generation due to the increase in ram speed. The temperature rise can be significant for plastic deformation at high strain rates. Hence, the extrusion speed has a great influence on the quality of the extrusion surface. Karhausen et al. [1] found that a linear dependency is observed when the measured temperature in the bearing is plotted against the logarithmic ram speed. The total heat generation appears to be almost solely dependent on extrusion speed and die layout. After anodising, sections from a die with flow control via bearing length remain rather homogeneous, while sections from a die with flow control via feed exhibit a matter appearance in the thick area. In addition, it is also reported that high speed worsens the streak defects for extrusions with thin shapes [16] . Overall, higher extrusion speeds can make the die streaks more pronounced.
Extrusion Surface Defects
Serious extrusion surface defects such as rough surfaces, die lines and pick-up can be created in the extrusion surface due to a variety of causes. If these surface defects could not be completely removed from the etched surface after a sufficient etching treatment, extrusion process streaks may be observed in the final anodized extrusions. Figure 4 shows defects due to remains of serious extrusion surface defects. The deep etching pits could not be flatted by the etching treatment, and remain in the anodized surface. The alignment of many etching-pit-remains results in a streak region in which has discontinuous and dull colour pit areas. The die-line-remains can form continuous streaks in the anodized surface [2] . All these defects are formed due to remains of serious extrusion surface defects after etching, and are referred as extrusion process streaks in the present paper. These streaks can certainly be eliminated by preventing the formation of serious surface defects on the extrusion surface through optimizing the extrusion process etc.
Effect of Die Design on the Formation of Streak Defects
Good die design can make the metal flow through the die orifices smoothly and uniformly, and thus decrease the friction between the materials and die and the difference in deformation and microstructure in different locations, reducing the tendency for streaking. Hence, die design is an important step to prevent the formation of die streaks and some extrusion process streaks.
The typical areas where the die streaks might occur in typical extrusion profiles are illustrated in Figure 5 . In the extrusion profile of Figure 5 (a) , the streak occurs on the surface opposite the intersection. This streak defect may be caused by too slow flow at the tips of the screw, which retards the flow of the entire screw area, or too fast flow at the intersection due to a low surface area-to-volume (S/V) ratio in this localised region. In order to remove the streak defect from this extrusion profile, reducing the bearing length at the tips of the screw and increasing the bearing length for the die bearing opposite the screw are effective measures. Also, all bearing changes should be smooth with proper blending. Similar like the streak on the extrusion profile of Figure 5 (a) , the streak defect on the extrusion profile of Figure 5 (b) is also due to slower flow or faster flow of the vertical leg of the profile in comparison to that of the horizontal section. The remedial measure is to reduce the bearing length for the vertical leg with slow flow, or to increase the bearing length or use a choked bearing for the vertical leg with fast flow. These designs can achieve a balanced flow in the area around the intersection, and hence eliminate the streak. The streak defect in Figure 5 (c) is most likely related to a slow flow in the weld area due to a small weld chamber or excessive restriction of the metal feeding into the weld chamber. Effective measures for eliminating this streak are modifying web and weld chamber designs, such as reducing web width/height and increasing the weld chamber width/height [3] . In addition, the intensity of streaks along the longitudinal welds of a hollow profile can be reduced by optimising die design. A general approach recommended is to design the ports in such a way that the longitudinal welds are located in the regions of the profile that are not critical from a cosmetic perspective [11] . Figure 6 presents a schematic diagram showing optimum die design for preventing longitudinal welds of hollow profiles in critical locations. The change in the position of ports can make the weld lines located at the corners of the profile. Moreover, Hauge et al. [4] modified the ratio between the height of the webs and the height of the weld chamber. With this modification the temperature difference between the seam weld and the rest of the section wall could be reduced. This gave almost no variation in grain size between the seam weld and the rest of the wall. The result was an equal etching response and almost no visible longitudinal streaks after anodising [4] .
From the above results, it can be concluded that although the metal flow in the die is almost always non-uniform, causing localization of deformation, good die design can correct the die to allow a non-uniform shape to flow uniformly from the die exit. Therefore, die design is a critical factor to influence the uniformity of metal flow as well as the homogeneity of deformation and microstructure. Hence, good die design is a key factor for preventing die streaks.
Effect of Etching Process on the Formation of Streak Defects
The surface imperfections causing streaks are produced on the extrusion surface during the etching treatment and the streak defects are revealed after the etching treatment as well. Hence, the etching process is an important step to influence the formation and severity of surface imperfections as well as streak defects on aluminum extrusions [17] . For example, if the etching treatment is insufficient, the die lines may not be completely removed from the etched surface and their remains become one part of the surface imperfections on the etched surface. If the distribution of die line remains is inhomogeneous, etching process streaks can occur. These streaks are different from the extrusion process streaks due to extrusion surface defects. In that case, the surface defects are so serious that surface defects still remain although sufficient etching treatment has been conducted. The etching process streaks can be eliminated by sufficient etching treatments. Also, the severity of the surface imperfections is influenced by the degree of etching, which may also influence other types of streaks.
The most important etching parameters include etching time, etching temperature and composition of the etching solution. The results of etching trials indicate that with increasing etching time at a low etching temperature, the severity of die-line-remains decreased while grain boundary grooves became more severe [17] . If the etching was insufficient, a streak defect appeared on the etched surface due to inhomogeneous distribution of die-line-remains. With increasing etching temperature, the surface imperfections became less serious. Figure 7 shows surface morphologies of the samples after etching at 40 ı C, 70 ı C and 90 ı C for 5 min. It is noted that die lines are still observed on the sample etched at 40 ı C, while they completely disappeared from the samples etched at 70 ı C and 90 ı C. However, grain boundary grooves are observed but are not significant on the 40 ı C etched surface (Figure 7 (a) ), and become more serious on the 70 ı C etched surface (Figure 7 (b) ), but completely absent from the 90 ı C etched surface (Figure 7 (c) ) [17] . These results indicate that increasing etching temperature greatly accelerates the dissolution of the surface material, flattening the extrusion surface defects very quickly. Also, at the high etching temperature of 90 ı C, the dissolution of both grain interiors and grain boundary regions are accelerated so much that any difference in dissolution rate between the two regions is greatly decreased, preventing the formation of grain boundary grooves. Furthermore, there is no significant difference in the morphology of grain boundary grooves between the normal and web intersection regions after etching for 5 min at 70 ı C and 90 ı C. Hence, sufficient etching treatment can effectively eliminate the occurrence of etching process streaks.
Summary
The influencing factors involved in various processing steps such as billet quality, extrusion process, die design and etching process and the corresponding preventive measures for various streak defects on anodized aluminium extrusions are summarized: 1. Billet quality: some chemical elements in the billet alloys can influence the amount, distribution and morphology of intermetallic particles and hence affect the formation of streak defects. Surface segregation, surface chill zones and contaminations in the billet can result in the formation of billet streaks, which can be effectively eliminated by good control of the billet quality or removed by mechanical treatment of the section.
2. Extrusion process: the inherent process imperfections of the extrusion process can result in the formation of extrusion process streaks such as "longitudinal" or "transverse" weld and mixing of different alloys. Good die design can locate the longitudinal weld streak in the regions that are not critical from a cosmetic perspective. Carefully cleaning container and avoiding mixing of different alloys can effectively prevent the streaks due to mixing of different alloys. Improper process parameters can promote the occurrence of die streaks and an optimum process assists in eliminating or reducing the intensity of these streaks.
3. Die design: good die design can correct the die to allow a non-uniform shape to flow uniformly from the die exit, eliminating streak defects. Adjusting die bearing lengths according to section thickness, avoiding abrupt changes and smooth bearing transition are integral elements in good die design.
4. Etching process: sufficient etching treatment can effectively prevent the occurrence of etching process streaks.
